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We have measured the kinetic energy release 共KER兲 distributions for electron-induced dissociation
of mass-selected molecular parent and fragment ions of propane. They are compared with
distributions determined for spontaneous 共metastable兲 dissociation. The average KER for induced
⫹
dissociation of C3H⫹
8 into C3H7 is 13.2⫾1.2 meV, about 42% larger than for the spontaneous
reaction. This large difference is attributed to the dramatically reduced time at which the induced
⫹
reaction can be sampled. In contrast, the KER for dissociation of C3H⫹
7 into C3H5 , which is
characterized by a large reverse activation energy, is hardly affected by the experimental time scale.
© 2000 American Institute of Physics. 关S0021-9606共00兲00826-6兴

⫹
⫹
dence in the KER of C60
dissociating into C58
signals the
absence of a significant reverse activation energy.8,13
In past work, the time at which dissociation was measured 共relative to the time of ion formation in the ion source兲
was varied by varying the acceleration voltages.11,14 The advent of ion traps has made it possible to greatly increase the
ion lifetimes being sampled,13 but a lower limit of the order
of 1 to 10 s still exists because of the requirement to accelerate and mass select the parent ions.
In this contribution we compare the KER of spontaneous
reactions, occurring on the time scale of about 11 to 14 s,
with that for induced reactions occurring within less than
0.75 s after electron-impact excitation. This is accomplished by positioning a high-performance electron gun near
the intermediate slit of a double focusing magnetic mass
spectrometer of reverse geometry. We observe a large fractional increase of the average KER for decay of C3H⫹
8 into
⫹
C3H⫹
7 , but a much smaller effect for decay of C3H7 into
C3H⫹
5 . The differences are attributed to the existence of a
large reverse activation energy for decay of C3H⫹
7 into
C3H⫹
5 .

I. INTRODUCTION

The research literature abounds with studies of dissociative reactions of mass-selected ions which are induced by
photon absorption, gas-phase collisions, or surface collisions.
In some of these, the kinetic energy release 共KER兲 was determined as well.1,2 In contrast, reports on electron-induced
dissociative reactions of molecular ions are scarce. Most of
them involved diatomic or other small ions with the goal of
measuring absolute cross sections for fragmentation.3 Cross
sections for ionization and dissociation of fullerene ions
were reported by Salzborn and co-workers.4 Freiser and coworkers explored dissociative electron capture by polyatomic ions to obtain structural information from the fragment pattern.5 McLafferty and co-workers extended the
technique to large multiply charged ions.6 However, except
for recent work in our laboratory,7,8 the KER released in
electron-induced reactions of polyatomic ions has not been
measured.
Induced reactions offer the possibility of analyzing the
KER for ions with very short lifetimes. There is considerable
interest in the time dependence of the KER.9–11 Statistical
reactions without a reverse activation energy feature a KER
which increases with decreasing ion lifetime because, at the
same time, the statistically distributed excitation energy in
the parent ion increases. Reactions with a large reverse barrier, however, are characterized by an essentially constant, or
even decreasing, KER.12 Hence, the time dependence of the
KER provides information about the nature of the reaction
pathway. For example, the presence of a strong time depen-

II. EXPERIMENT

Details of the experimental setup and data analysis have
been published elsewhere.15 As shown in Fig. 1, the apparatus consists of a high-resolution, double focusing mass spectrometer 共Varian MAT CH5-DF兲 of reversed Nier–Johnsontype geometry. Propane molecules are introduced via a
capillary leak gas inlet system into the ion source where they
are ionized by an electron beam of variable energy and current. Ensuing cations are extracted by a weak electric field
and accelerated through a potential drop of U ac⫽3 kV into
the spectrometer. They pass through the first field-free region
共1ff for short兲, are then momentum-analyzed by a magnetic
sector field, enter a second field-free region 共2ff, length 33.3
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provided ⌬U is corrected for the finite width of the parent
ion peak, by subtracting the peak widths of the raw data in
quadrature. The KER distribution 共KERD兲 in the center-ofmass system is then a Maxwell–Boltzmann distribution19

冉

f 共  兲 ⫽ 冑 exp ⫺

FIG. 1. Schematic view of the two-sector field mass spectrometer. Either
spontaneous or electron-induced decay reactions are studied in the second
field-free region.

cm兲, pass through a 90° electric sector field, and are finally
detected by a channeltron-type electron multiplier operated
in the single-ion counting mode.
In order to analyze the decay of mass-selected molecular
ions, we select the parent ions with the magnetic sector field
and analyze decay reactions in the 2ff by varying the voltage
of the electric sector field 关mass-analyzed ion kinetic energy
共MIKE兲 scan technique10兴. The decay may be either spontaneous 共metastable兲, or it may be induced by electrons from a
high-performance, home-built electron gun.16 The electron
gun is mounted just before the defining aperture between the
magnetic sector and the electric sector, approximately midway between the sectors. The electron beam intersects the
ion beam at 90°. The gun is an order of magnitude more
powerful than the electron gun which we had used previously for post-ionization of fullerene cat- and anions.7,17 In
this work we chose an electron energy of 150 eV which
results in an electron beam current of 7 mA. The setting is a
compromise: The electron beam current would increase further with increasing energy, but the ionization cross section
of propane reaches its maximum near 75 eV.18
MIKE spectra are recorded as follows: The magnet is
tuned to the mass of the parent ion, m p , while the electric
sector field voltage U is scanned.10 Stable ions 共in this work
assumed to be singly charged兲 will have a kinetic energy of
3 keV and pass at the nominal sector field voltage of U p
⫽509 V. Daughter ions 共mass m d 兲, formed in the 2ff, will
then pass at a voltage
U d⫽

md
U .
mp p

共1兲

Equation 共1兲 relates the position of a daughter ion peak
to the position of the parent ion peak in a MIKE spectrum. In
practice, the parent ion peak will have a finite width and a
distinct shape which will also be imposed on the daughter
ion peak. Any kinetic energy release 共KER兲 in the reaction
will further modify the peak shape of the daughter. If the
MIKE peak is strictly Gaussian, then the average kinetic energy release, ¯ , can be extracted from its full width at half
maximum, ⌬U, with help of the relation19

冊

1.5
,
¯

共3兲

where ¯ denotes the average KER.
If the peak in the MIKE spectrum is not a Gaussian, then
the KERD has to be derived from its derivative with respect
to the sector field voltage. This procedure requires smoothing
of the raw spectra and deconvolution with the parent ion
peak which we do by fast Fourier transform techniques. Details, including the use of ion trajectory calculations to simulate MIKE peaks for our spectrometer, have been described
elsewhere.15 This procedure is unbiased, but the deconvolution procedure and the summation over the KERD may produce nonstatistical errors in ¯ which are difficult to quantify.
As a MIKE scan will always sample decay reactions
which occur between the magnetic and electric sector, there
is an important difference in the time scale between spontaneous and induced decay reactions. A parent ion 共here assumed to be C3H⫹
8 兲 formed in the ion source at t⫽0, will
traverse the 2ff at a time interval 11.2⭐t⭐14.2 s. In contrast, if the reaction is electron-induced in the 2ff, it has to
occur within t⭐0.75  s in order to contribute to the MIKE
spectrum.
III. RESULTS

We have analyzed the following decay reactions in the
second field-free region,
⫹
C3H⫹
8 →C3H7 ⫹H,

共4兲

⫹
C3H⫹
7 →C3H5 ⫹H2 .

共5兲

In each case, the spontaneous as well as the electron-induced
reactions were measured.
Figure 2共a兲 displays the MIKE scan for the spontaneous
reaction 共4兲. The peaks are Gaussian, except for a slightly
enhanced background to the right of the daughter ion peak
which is believed to stem from decay reactions in the electric
sector field.20 Excellent nonlinear least-squares fits 共solid
lines兲 are obtained if we exclude the tail to the right of the
daughter peak, as shown by the solid curves in Fig. 2. After
correcting for the width of the parent ion peak, we derive an
average KER of ¯ ⫽9.3⫾1.5 meV. The error follows from
the uncertainties in the widths of the Gaussians obtained by
the least-squares fitting routine. The result agrees well with a
value of 9.4 meV which we had previously derived from the
KERD without resorting to Gaussians.15 It also agrees well
with the values reported by Medved et al.,11 who fitted Gaussians to the MIKE peaks and obtained, from three independent measurements, an average of 9.6 meV with a standard
deviation of 0.3 meV.
Figure 2共b兲 shows the MIKE spectrum for the electroninduced reaction 共4兲. Again, the solid lines indicate least-
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FIG. 3. KER distributions for spontaneous and electron-induced dissocia⫹
tion of C3H⫹
8 into C3H7 ⫹H, derived from the least-squares fits in Fig. 2.

FIG. 2. Top: MIKE scan for spontaneous dissociation of C3H⫹
8 into
C3H⫹
7 ⫹H 关reaction 共4兲兴. The solid lines indicate least-squares fits of Gaussians. Bottom: MIKE scan for the electron-induced reaction.

squares fits over parts of the spectra. A striking result is that
the parent ion peak in Fig. 2共b兲 is much narrower than in Fig.
2共a兲. Both these spectra 共spontaneous and induced兲 were recorded with identical slit widths, although other parameters,
such as the potentials in the ion extraction region, may have
been different. However, we have verified that the parent ion
peaks narrow whenever the electron gun in the field-free region is being operated. The effect appears to be due to the
space charge produced by the intense electron beam. Details
are not fully understood, but this phenomenon does not affect the KERD and the average KER because we always
correct for the width of the parent ion peak recorded under
identical conditions as the daughter ion peak. We derive an
average KER of ¯ ⫽13.2⫾1.2 meV for the electron-induced
reaction 共4兲. Thus, electron-induced dissociation of C3H⫹
8
into C3H⫹
7 ⫹H features an average KER which is enhanced
over the spontaneous reaction by 3.9⫾1.8 meV.
The KER distributions are readily derived from the
Gaussian fits to the MIKE spectra after deconvolution with
the parent ion peaks; the results are shown in Fig. 3. The
shift of the distribution for the electron-induced reaction is
obvious.
The MIKE spectrum and the KERD for spontaneous dis⫹
sociation of C3H⫹
7 into C3H5 ⫹H2 共reaction 5兲 have been
published in a previous publication from our laboratory.15 In
Fig. 4共a兲 we show the corresponding MIKE spectrum for the
electron-induced reaction. The daughter peak is, like in the
spectrum for the spontaneous reaction, flat-topped, characteristic of a reaction which features a sizable reverse activation
energy. The KERD is derived from these data as discussed in
the experimental section; it is displayed in Fig. 4共b兲. A large
threshold value in the KER is immediately apparent. The
average KER for the electron-induced reaction is found from
this distribution to be 397 meV, while the average KER for

the spontaneous reaction is obtained as 386 meV. The uncertainty of these values is difficult to quantify, but is probably
on the order of 10 meV. In our previous publication we had
derived an average KER of 400 meV for the spontaneous
reaction, while Holmes et al. reported a value of 440 meV.19
IV. DISCUSSION

In the current study we have measured the kinetic energy
released in the electron-induced dissociation of massselected polyatomic ions, and compared it with the spontaneous 共metastable兲 reaction. Table I summarizes the numeri-

FIG. 4. Top: MIKE scan for electron-induced dissociation of C3H⫹
7 into
C3H⫹
5 ⫹H2 关reaction 共5兲兴. The solid line results from FFT-smoothing. Bottom: The KER distribution obtained from the smooth MIKE spectrum, after
deconvolution with the parent ion peak.
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TABLE I. Average kinetic energy release for spontaneous and electroninduced decay of molecular ions formed from propane by electron-impact
ionization.
Reaction

Parent

Daughter

¯ 共meV兲 共spont兲

¯ 共meV兲 共ind兲

4
5

C3H⫹
8
C3H⫹
7

C3H⫹
7
C3H⫹
5

9.3⫾1.5
386

13.2⫾1.2
397

cal results. For reaction 共4兲 we find a dramatic shift of the
KERD 共see Fig. 3兲, corresponding to an increase of the average KER by 42%⫾26%. The average KER for reaction
共5兲, in contrast, is enhanced by a mere 3%.
It should be pointed out that the average KER measured
for the induced reactions only represents lower limits, because the MIKE peak is actually a superposition of the spontaneous and electron-induced signal. However, the large increase in the KER for reaction 共4兲, but not 共5兲, is hardly due
to our inability to separate the MIKE peak into its two components.
What causes the enhancement of the average KER for
the induced reaction 共4兲, and why is the result for reaction 共5兲
so much different? We believe that the enhancement for reaction 共4兲 is caused by a change in the time scale over which
the reaction is monitored. Furthermore, the occurrence of
only a small change for reaction 共5兲 is attributed to the existence of a large reverse activation energy.
Let us first consider the change in time scale. For reaction 共4兲, spontaneous decay is monitored within the time interval 11.2⭐t⭐14.2 s with respect to ion formation and
excitation. For the electron-induced reaction, however, dissociation would have to occur within t⭐0.75  s after excitation. The effect of the time scale on the KER has been
documented before.8,11,13 The effect is expected to be large if
the KER reflects the 共vibrational兲 excitation energy in the
parent ion or, in other words, the nonfixed energy in the
transition state. If, as in the present study, parent ions are
prepared with a broad distribution of excitation energies,
then contributions to the daughter ion signal measured at
time t will come from ions which have decay rate constants
of k⬇1/t. Thus, shorter time scales imply higher rate constants, higher excitation energies, and higher average KER.
The time window over which we monitor the induced
decay has no lower bound, hence we cannot apply the usual
procedure to assign a most probable rate constant, k m . 21
However, we can estimate what the effective 共average兲 time
is if the KER is observed to increase from 9.3 meV for
spontaneous decay (k⬇8⫻104 s⫺1 ) to 13.2 meV. Our estimate is based on calculated values of the Rice–Ramsperger–
Kassel–Marcus 共RRKM兲 rate constant k(E) for reaction 共4兲
where E denotes the excess energy in the transition state.22
We extrapolate the published data to lower energies to include our value k(E) for spontaneous decay. We assume that
the average KER scales as the excess energy E. Hence, given
the rate constant for spontaneous decay, we estimate E spon
which we then scale by the ratio 13.2/9.3 to obtain E ind ; this
is found to correspond to a rate constant of about 108 s⫺1 or
a time window of 10⫺8 s. The result appears to be plausible.
It is also interesting to note that Lifshitz and co-workers

619

observed a similar shift in their study of the time-dependence
of the KER for dissociation of fullerene ions.8,13 A combination of pulsed photon excitation and ion trap techniques
made it possible to cover a time scale of t⬇1 to 90 s. The
observed increase in the average KER was about 60%.
We now discuss reaction 共5兲, which is lacking a significant relative increase of the average KER. The KERD 共Fig.
4兲 immediately shows that this reaction proceeds with a large
reverse activation energy, E r . Such a situation is typical of
rearrangement reactions; a large fraction of E r may be partitioned as kinetic energy of the products.2,9,10,23 Based on
thermochemical data, Holmes et al. derive E r ⫽240
⫾60 meV for reaction 共5兲, 80% to 100% of which is released
as translational energy of the products.24 Hence, about onehalf of the observed average KER is dominated by the contribution from the reverse activation energy. As a result, a
change of the time scale and a related change of the excitation energy will have a reduced effect on the average KER.9
In addition, as argued by Lifshitz et al.,12 the part of the
KER that is due to the reverse activation energy may actually
decrease with decreasing ion lifetime. This effect may compensate the opposite trend caused by the nonfixed energy,
thus leading to a situation where the total KER does not
depend on the time scale of the experiment.
In summary, we have demonstrated that electroninduced reactions of mass-selected ions, and the concomitant
kinetic energy release distributions, can be measured. We
have determined the KERD for two different reactions, and
compared them with the corresponding KERD for the spontaneous reactions. The induced reactions appear to occur after energy randomization, hence the main difference between
the spontaneous and the induced reactions is the time scale
on which they are monitored.
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